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FOREWORD

This is the first quarterly progress report on the work
performed by Douglas Aircraft Company under BuShips
Contract NObs-88425 during the period from 6 March 1963
to 6 June 1963. This contract is a 12-month research
and development program under the supervision of the
Structural Mechanics Laboratory, Code 733, David Taylor
Model Basin with Dr. T. Reynolds acting as Technical
Director.

The program is being conducted by the Solid Mechanics
Branch, Missile Research Department, Advanced Missile
Technology Division of Douglas Aircraft Company. Major
responsibility for the program resides with H. R.
Jacobson, Study Director, assisted by F. k. Tokiro.
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ABSTRACT

The purpose of this program is to develop and prove
out a theoretical method for accurately predicting
the critical buckling strength of externally pres-
surized cylinders made from orthotropic materials
and to find the optimum construction of filament
reinforced plastic (FRP) cylinders under such
loading.

A description of the program and its significance

to the overall BuShips Deep Submergence program

and a summary of the work accomplished to date and
that to be performed in the next period is given.
Theoretical analytical expressions for predicting
elastic buckling collapse and elastic constants of
FRP cylinders are presented and discussed. Results
of initial buckling and discontinuity stress analysis
of proposed test cylinders are presented.
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NOMENCLATURE

extensional stiffness of orthotropic c¢cylinder in longitudinal
and circumferential directions, pounds per inch

circumference of cylinder, inches

flexural stiffness of orthotropic cylinder in longitudinal and
circumferential directions, inch-pounds

twisting stiffness or orthotropic plate in xy-plane, inch-pounds
Young's modulus, pounds per square inch

elastic modulus of orthotropic cylinder in longitudinal and cir-
cunferential directions, pounds per square inch

shear modulus of isotropic plate, pounds per square inch
shear stiffness of orthotropic plate in xy-plane, pounds per inch

shear modulus of orthotropic plate in xy-plane, pounds per
square inch

distributed moment of inertia in longitudinal direction, inches
cubed

distributed moment of inertia in circumferential direction,
inches cubed

buckling coefficient for cylinders under external pressure
length of cylinder, inches

mathematical operators

nunber of half-waves in longitudinal directions

nunber of half-waves in circumferential directions

load in longitudinal direction, pounds per inch

load in circumferential direction, pound per inch

critical buckling pressure, pounds per square inch

radius of curvature of median surface of cylinder, inches

monocoque cylinder thickness, inches



w = radial displacement, inches

X, Yy =  longitudinal and circumferential coordinates, inches
Zy = curvature parameter for orthotropic cylinder under external pressure
Ny ) [ =
r \/ 1 Hy ”y Dy
A = ratio of volume of glass to total volume
A = half-wavelength of buckle in longitudinal direction
(= %}), inches
”x’ ”y’ = Poisson's ratios for orthotropic cylinder associated with flexure
ll'x’ nly = Poisson's ratios for orthotropic cylinder associeted with normel
strains
SUBSCRIPTS
g = refers to glass
H =  hoop wrap
HW =  helical wrap
L = longitudinal direction of laminate
r = plane of the lamin¢ e
r = refers to resin
T = transverse direction of laminate
X, ¥, 2z = longitudinal, circumferential, and radian directions

xy =  plane of cylinder wall



1.0 INTRODUCTION AND SUMMARY

1.1 Background

As the desired depth of descent for deep submergence structures

increases the structural weight required, using currently available
materials, greatly increases and the ability to carry a useful pay-

load diminishes. The Bu Ships program on Filament Reinforced Plastics
(FRP) for Deep Submergence Structure is aimed at developing this prom-
ising lightweight structural material for long-time compression loading
and assessing the feasibility of its use in deep submergence applications.
At the present time the results of these programs indicate that the short
time compressive strength-weight ratio of FRP laminate is superior to
those for aveilable steel and titanium alloys while retairing the advan-
tage of simplicity of fabrication, especially for thick wall constructions.

As the comvressive strength of FRP laminates has risen during the course
of the Bu Ships programs it has pointed up one of the more important
design aspects of externally pressurized structure in general and those
fabricated from FRP in perticular; namely, the problem of elastic in-
stability failure or buckling collapse of shell structures. When this
type of failure occurs at pressures lower than those required to produte
compressive stress failure, the structure required is heavier than
necessary. Theoretically, for most efficient utilization of materials,

a structure should be designed to fail by buckling and compressive stress
similtaneously, rather than by either one.

In actual practice, underwater structures such as subtmerine hLulls are
degsigned to resist buckling loads higher than those needed to cause

compression failure.

In order to design efficient deep submergence structure from FFP
leminates, a method is needed for accuratelr predicting collspse
pressure. In adéition, if minimum weight structurec are required, a
method 1s needeé which will Hptimize the structural pararmeters of the
design with respect to weight. Levelopment of suck methods for FRP is
complicated by the orthotropic and in some cases nori-homogeneous nature
of the laminates. Because of the complexity of ceveloping methocs of
analysis for orthotropic materiels, methods ceveloped for isotrovic
materials are currently extensively used to predict buckling collapse.
Use of such methods generally result in considerable error in design
and does not permit the selection of the most efficiert structural

arrangement.

Development of theoretical analytical methods for FRP structures has
beer. undervay at the Douglas company for some time. Independent research
and develomment programs have develoved rreliminary analytical treatments
for the prediction. of the collapse pressure for monocoque FRP c;-linders

under external pressure.

1.2 Progrem Plan

The purnose of this program i{s to develop and prove out a theoretical
method for accurately predicting the buckling strength of externally
pressurized orthotropic cylinders such as those constructed of *RP. 1In
addition, *he optimum laminate construction or layup pattern for buckling



resistance will be determined and weight efficiencies of various types
of laminate constructions will be comprared.

The program can logically be «d:ivided into “hree (3) mair phases

1.

Theoretical and Design luase

The preliminary theoretical methods developed by Douglas
will be used as a basis for the Jevelorment of an accurate
buckling prediction method. The existing analysis will be
revised and/or extended as indicated by edditional studies
and by test results. As & part of this phase the detail
design and analysis of rsmall (6" ID x 12" long) cylinders
to ve tested in Phsse 2 will he performed. Figure 1 and
Table 1 from reference [1] show details of the types of
constructions to be used as well as the predicted strength
of possible configurations of these laminate types. Shown
or the curves are points which have been selected for test
substantiation of theoretical tuckling pressures. All but
two of the test cvlinders will bve designed to ensure buckling
failure. The two highest buckling strength constructiors
will be incorvoratec into thick wall cylinders designed to
determine their compressive strencth.

Fabricatiorn and Test 2hase

Two cylinders each of the eleven different configurations
(A-1) showm in Figure 1 will be fabricated anc tested to
collapse under external hydrostatic rressure. The elastic
constants of the cylinders and +he relstionships between

then will be determired during testing as well as collapse
pressures and compared with the theoretically determined
values. After all conflguretions have teen tested and the
analysils methods nroveé ~-t. one specimen each of the optimum
construction and a high buckling strength alternate coastruc-
tion (prelimirarily shown as B and E) will te fabricated and
tested to buckling t'ailure ancd one thick wall specimen each of
these constructions (preliminarily shown as M and N) will be
fabricated and tested to determine ultimate compressive strengths.
A total of twenty-six (25) cylinders will be fabricated and
tested.

Figure 2 shows the newly revised program schedule. The
fabrication and testing is devided into four sub-phases with
the following hreakdown;
1. Group I Cylinders - Configurations A, B, C and D - 2 each
2. Group II Cylinders - Configurations E, F, G and H - 2 each
3. Group III Cylinders - Configurations J, K and L - 2 each
k., Group IV Cylinders - Optimum construction and high
buckling strength alternate with compressive strength
test specimens of each-tentatively chosen as configur-
ations B, E, M and Il - 1 each

Materials to be used will be identical to those used in other
Bu Ships programs with the exception that Douglas collimated
pre-preg, tapes will be fabricated and used in this program
instead of the commercially availsble pre-preg tape currently
being used by other contractors.




1.3

3. Data Reduction and Report Fhase

This is a contimuing effort carried on concurrently with

the main efforts of the program and will include monthly,
quarterly, and final reports, as well as a special report
outlining the theory, test date and comparison with theory

of the work performed in Phase 1 and 2 above. All test

data and camparison with theoretical predictions will also

be reported in regular reports as soon as it becames available.

Sumnary of Work Accomplished

Although this contract is to run fram 6 March 1963 to 6 March 196k,
a formal contract was not received by the Douglas Company until

23 April 1963. However, authority to proceed was received by the
Study Director on 17 April 1963 and work was started immediately
thereafter. The work accomplished during this quarter was there-
fore seriowsly curtailed. A new schedule was developed which

will permit completion of the program within the original contract
period and will permit completion of all fabrication and testing

wvork by January 1, 196k,

The work accomplished during this period includes:
1. Administrative start-up and reschedule of the program.

2, Design of fabrication tooling, release of tool drawings
and ordering of tooling materials. Fabrication of the
mandrels for test cylinders has been started and work
is ahead of schedule.

3. Theoretical studies on the buckling prediction method
and elastic constant equations have been started. Pre-
liminary analysis of the proposed test cylinder construc-
tione has also been performed and some results are
included in this report.

L., Analysis of the discontinuity stresses expected in the
ends of the test cylinders due to test fixture restraint
has been started. Results for some of the test cylinders
are included in this report.

5. Single end E-HTS glass rovings for fabrication intoc
Douglas tape of twenty (20) end E-HTS glass rovings
for wet windinz of helically wound test cylinders have
been ordered. Fabrication of Douglas collimated tape
has been started.



2.0 THEORETICAL STUDIES

2.1 Buckling Theory

The equations which are the theoretical basis for the proposed buckling
prediction method were derived prior tou this program under Douglas
Independent Research and Development programs [2, 3, !4] . However, some
changes in the expressions for elastic constants as & result of testing
prior to and analytical work performed under this contract have resulted
in improved expressions for some of the elastic constants required for

use in the buckling equation.

2.1.1 General

The analytical determination of th2 critical bSucklinz pressure of FPP
cylinders is based on two analyticel tools. The first is a mathematicsl
representation of the deflection of the cylinder under the loads placed
on it, The deflection of the cylinder is controlled by the elestic
properties (due both to material ani shape) of the shell. The second
tool is & set of expressions which descrive the elastic properties of
FRP laminates. Due to the orthotroyic and nonhomogenous nature of FRP
laminetes, expressions describing the elastic properties are complex
and can be different for each direction and type of --nstruction. For
this reason, approximations and expressions based on isotropic materials
have been extensively used in the pest. However, as will be shown in
the following discussion, critical buckling loads of orthotropic cylinder:s
are very sensitive to variation or error in the elastic constants and
stiffness of the laminate.

In FRP laminates, both the modulus and moment of inertia of the con-
struction can vary fairly widely. The modulus of any particular layer

is a function of resin content and fiber and resin elastic properties.

The moment of inertia or “configurational” stiffness is a function of
thickness and arrsngement of all the individuel leyers within the wall
thickness. This latter affect means that flexural stiffness and therefore
buckling strength of the cylinder can be different even for two hoop to
axial layup petterns which have the same proportions and which therefore
should have identical extensiomal stiffness and compressive stirength.

2.1.2 Derivation of Buckling Equation

Based on a small deflection theory for buckling of orthotropic cylindrical
shells by Stein and Myers [5! the equilibrium condition for & cylinder
under arbitrary loading is given by the following differential equation [2].

G L 2 2 -
-1 8 Ow O w
L w4+ -2 —{+n—-—+n—-—=o (1)
D r2 E Ox *ax2 y8x2 ‘
where w = radial displacement of cylinder

r = mean radius of cylinder

LD and LE are linear differential operators defined by
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and LE"l is the inverse operator defined b,

Ly (g ) = Iy (17 ) = w

Nx = axial load in pounds per inch of circumference
. 2
T2
Ny = circumferential load in pounds »er inch of axial length

= or

The B's, D's, G's and u's are elastic constants of the cylinder defired
under nomenclature.

The cylindrical shell under external hydrostatic oressure or externsl
redial pressure exhibits four ranpes of buckling berevior. 1) The

lower 1limit corresponds to the snort cylinder region. The tehavior ir
thie rerion is eimilar to flat nlate buckling. This type of behavior

is %pical of 1sotropic cylinders of short length or orthotropic cylinders
with a very high circumferential htending stiffness. 2) The transition
range covers the region between the long and short cylinder range and
revresents an interaction of the “wo buckle modes. 2) The long c:linder
renge represents cylinders of moderate lensth and/or moderatc zircumfer-
ential bending stiffness. The huckle moce consists of one half wave in
the lorngitudinal direction and anony waves around the circumference of the
eylinder. L) The upper bound of buckline behavior is represented by the
rery long cylinder which buckles into two circumferenzial waves similar to
a ring. ¥or purposes of this orogram, only the long c¢ylinder ranre will
be considered.



Equation (1) can be solved for the case of & long cylinder under

external hydrostatic pressure (Figure 3) by setting N, =X }/2 and
mxx n

assuning a displacement function w = wo sin b sin .%'Z,

The general solution is shown in Appendix A for both radial and hydro-
static pressures. Results for both types of loading result in the
identical expression for the critical buckling pressure;

) D 3/l 1/4
o o (TEm) () @

where

2 [B_ (1-4 )
z ,L\/ X 22y s 100

r D
y Y

is a curvative parameter vhich defines the buckling range for long
cylinders and includes affects of both curvative and stiffness on the
buckling mode of the cylinder and,

Bx = extensional stiffness of the cylinder in the axial direction

i=n
= 3 Exi ti
i=1

l)y = bending or flexural stiffness in the circumferential direction

121!
= E I
=1 Y11

”x = Poisson's Ratio of the cylinder wall in the axial direction due
to flexure

z
E I u
Yy i=1 yii x

[ ]
= |

i

M = Poissons Ratio of the cylinder wall in the circumferential direc-
Y tion due to flexure

1 1=

= Y E 1M
D, in ity
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E!i’ !3’1’ ”xi’ and ”Y:l are the extensional elastic moduli and

Poisson's ratios of the ith layer and are given in Appendix B.
Layers i = 1 through i = n can be composed of circumferential or
hoop wraps (H), axial or longitudinal vraps (L), or helical wraps
(Hll;, of fiber and resin composite layers.

The assumptions made in deriving equation (2) are that the shell is
thin walled so that terms containing (;-)2 can be neglected, that

there are y waves in the hoop direction so that the approximation
(n-1) = n€ can be made where n is the number of half waves in the
circumferential buckle pattern, thet the ratio of axial to circum-
ferential wave length is large compared to unity in order that only
higher order terms involving the buckle aspect ratio need be re-
tained.

The significance of this equation is that it shows there are two dif-
ferent types of stiffness which affect the critical buckling pressure
of the cylinder (axial extensional stiffness, B, , and hoop bending
stiffness, Dy) and they affect the buckling stréngth to differing
degrees. Therefore two cylinders of the.same dimensions, weight and
ratio of hoop to axial layers can have different buckling strengths

if the placement or arrangement of these layers is suwch that different
hoop bending stiffnesses result. Furthermore, examination of the eq-
uations for the elastic constants of the laminates (Appendix B) show
that different proportions of glass and resin and differing elastic
constants for the basic ingredients of glass fiber and resin will also
affect the buckling strength of otherwise identical c¢ylinders. Hence,
the importance of knowing within close limits the elastic properties
and proportions of the materials going into the fabrication of FRP
laminates.

Using equation (2), a number of different types of FRP laminate ar-
rangements for equal weight cylindrical constructions have been checked
for comparative buckling strength in Reference [ 3] Figure L shows the
types of constructions analyzed which have been selected for inclusion
in this program. Figure 1 shows the relative buckling strengths ob-
tained for varying proportions of hoop to axial laminates for these
constructions. In this figure, all buckling pressures are compared to
+the construction showing the highest strength. The analysis was per-
formed for a given glass to resin volume ratio (2:1 or A = 67% glass
by volume) and a given ratio of resin to glass elastic moduli

(g—g = 0.05). The resulting curves clearly indicate the relative ef-
ficiency of each type of construction in resisting buckling failure

and alsc indicates the particular configuration of each typr - .ich
results in the highest buckling strength.
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It should be stressed here that this anaslysis involves only the
elastic buckling strength of the cylinder and makes no assessment
vhatever concerning the materials' ultimate compressive strength.

2.2 Elastic Constants

As indicated in the preceeding sections, accurate expressions are re-
quired for the elastic constants of the laminate if accurate predic-
tions of the buckling pressure of the cylinder are to be made. The
preliminary work preceeding this program includes the derivation of
mathematical re—~resentations of the ¢lastic constants of Individual
layers of FRP [4] and multiple layer constructions. Appendix E shows
the results of this work. However, these expressions are based on as-
sumptions and simplified models in order to simplify the derivations.
The results of Douglas test programs aimed at sudstantiating the az-
curacy of these expressions has indicated significant differences
between theoretical and test resulis for some of these expressions.
The initial theoretical studies performed under this contract include
a review of the assumptions made and the models used in the derivation
of the expressions for the moduli of clasticity and Pcisson's ratios
of unidirectional laminates. The studies have thus far resulted in
improved expressions for the transverse compressicn and shear modulus,
Ep and Gy, based on an improved model representing the FRP laminete.
Figure 5 shows the original and improved models and the resulting ex-
pressions for longitudinal and transverse moduli.

The models used in Figure 5 are simplified in order to simplify the
derivation, using in-line square fibers (of equivalent area) in place
of the actual conditions of round fibers and something approaching a
hexagonal packing arrangement. If significant unaccounted for dis-
crepancies continue to be found between thecretical and tes* values

of the elastic constants after these revisions, it may be necessary

to revise the-model again to bring it into closer agreement with actual
conditions.
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3.0 TEST CYLINDER DESIGN

3.1 Buckling Considerations

Since the primary purpose of this program is to develop a buckling
prediction method, all test cylinders of the various constructions

are being designed to insure buckling failure except for the cylinders
vhich will check the compressive strengths of the two high buckling
strength constructions mentioned previously. All the cylinder con-
figurations indicated by letters A through L in Figure 1 have been
selected for test to buckling collapse under external hydrostatic
pressure. In order to obtaip failures without excessive influence
from thick wall stresses an ¥ ratio of 20 has been selected. In order

to insure that all cylinders are in the "long cylinder” range as de-
fined by the Zy or curvature parameter, a test length of at least 10
inches has been chosen. Table 2 shows the results of the buckling
analysis on the test configurations. Values of Z_,, theoretical buck-
ling pressure, relative buckling strength, and average hoop stress of
each of the configurations to be tested are included. These values
are based on the following dimensions and physical properties for all
the cylinders and their construction:

I.D. = 6.000 in.

t =  0.150 in,

1 = 10.5 in. (unsupported length)
A = 6T% glass by volume

E, = 500,000 psi M _ = 0.36

Eg = 10.0 x 10° psi Mg = 0.2

3.2 Discontinuity Stresses

The external pressure test fixture which will be used in this program
makes use of steel end fittings which perform the functions of loading
the cylinder axially, providing the seal against external pressure and
maintaining the circularity of the ends of the cylinder.

The last function is of special interest in the design of the test cy-
linders since the "plug" ends of the fixtures perform this task by
preventing all radial deflection, uniform and non-uniform. This re-

straint induces local discontinuity stresses in the ends of the cylinder

which could cause strength failure by exceeding either the axial com-
pressive strength or the shear strength of the cylinder wall in the
axial direction. The latter type of failure has been reported for
thick wall cylinders tested by some of the contractors involved in
the various BuShips FRB program and stems from the relatively low
shear strength of FRP laminates.



In order to assure test cylinder designs which will fail by buckling
only, cylinders are being designed to avoid high discontinuity stresses
at the test fixture. Since the buckling test cylinders are relatively
thin and the wall stress at buckling collapse relatively low, radial
deflection due to menmbrane stresses would normally be low, therefore,
end discontinuity stresses caused by the plug restraint would also be
low. However, due to the variation of cylinder construction, some of
these cylinders may be critical at the ends. The thick walled ver-
sions of the two highest buckling strength constructions,to be tested
later in the program for compressive strength, are sxpected to present
definite end shear problems.

An analysis is therefore being performed on all cylinder configurations
to determine these stresses. This analysis is based on a technique for
determining dome to cylinder céiscontinuity stresses in FRP motor cases
developed at Douglas [6] . The cylinder ends are assumed to be com-
pletely restrained against radial deflections and rotations. This con-
dition results in the highest moment and shear loads on the cylinder
and conservatively represents the actual conditions.

Table 3 shows the maximum moment, maximm shear loading, "composite”
or everage stresses on the cylinder wall, maxiwum laminate and "local”
stresses at significant locations through the cylinder wall, for con-
s~ructions checked up to this time.
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k.0 FABRICATION

k.1 Tooling

Special mandrels with auxiliary fixtures have been designed for the
fabrication of the test cylinders. The design of these mandrels was
based on the following objectives:

1. Sufficient length to fabricate both test cylinders for each
configuration and a nurber of short rings for miscellaneous
physical and mechanical tests at one time and with a mini-
mum of variationm.

2. Internmal heating capacity to provide elevated temperature
winding operations and cure of cylinders from the inside with
a minfimm of cost and elaborate equipment.

3. If possible without a costly and elaborate system, scme
provision for tensioning longitudinal filaments.

k. Dual usage of the same mandrel for both hoop and longi-
tudinal comstructions and helically wound constructioms.

5. Ease of cylinder removal after cure.

Figure 6 illustrates the important features of the mandrel construc-
tion. Tvo (2) such mandrels will be built and will share a common
coamutator. Provision for two mandrels will allow winding operations
to proceed continuously vhile a wound cylinder is being cured. It
will also allow for simultanecus fabricatiom of hoop and lmgitudinal
configurations and wet wound helical configurations in different
machines. Due to the tightness of the revised schedule this may be
necessary to complete all fabrication and testing by the end of the
calendar year if any delays should arise.

Internal Chromelox C-512 cartridge heeters are supplied with power
through the shaft mounted commutator. Temperature control is accom-
plished by the internmally mounted Chramalox SA-501 thermostat. Heat
paths are provided from internal heaters to outer mandrel shell by
the closely spaced aluminum ribs and temperature variation between
points on the surface is expected to be within a few degrees. The
arrangement allows elevated tempersture winding operations and cure
from the inside to be accamplished using a single heat source and
without external heating apparatus vhich might interfere with the
technicians freedom of action. The arrangement would also lend itself
to simple step curing procedures for thick-wall cylinders should such
methods be advisable in the future.

The grooved end fittings are designed to provide tension on the longi-
tuiinal laminates via "overwrap" hoop vindings into the grooves. This
technique has been successfully applied in another program performed
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at Douglas. The fittings will also be used to aide in the removal of
the cylinder from the mandrel. These fittings will be removed and
replaced vith "dumy" domes provided with cut-off slots vhen the man-
drel is used for the wet winding of helically wound cylinders.

To reduce possible cylinder removel problems, the cylinder is con-
structed of a thick wall (1") aluminum tube and machined to provide a
slightly tapered diameter from one end to the other. The taper is

not expected to affect the dbuckling strength of the cylinders or inter-
fere with the test procedure. A fine surface finish and the use of
teflon parting coampound will also aid in cylinder removal.

During the last quarter, the detall design of these mandrels was com-
pleted, drawvings vere released, materials were ordered and received
and fabrication work was begun. The mandrels are scheduled for com-
pletion by late June.

4.2 Test Cylinders

All test cylinders except helically wound configurations will be fabri-
cated from Douglas collimated pre-preg tapes. Figure 7 illustrates
some of the tape and winding details.

Due to anticipated scheduling problems on the tape making machine dur-
ing the next period, fabrication of tapes for this program has been
started during this quarter using materials borrowed from stocks on
hand. Tapes will be stored under refrigeration until needed. Fabri-
cation of test cylinders will begin as soon as mandrels are available.



‘ 5 5.0 OUTLINE OF FUITURE WORK

A brief summary of vork scheduled for the next quarter follows:

1. Theoretical Studies and Test Cylinder Design

a. Murther review of the assumptions made and models used to
: derive analytical expressions in the preliminary studies
will be made. Comparison of theoretical values of elas-
: tic constants with continmuing company-funded test programs
X and with cylinders fabricated in this period will be made.

b. Detail design of cylindrical test specimens will be com-
Pleted and fabrication drawings released.

c. Buckling and disconinuity stress analysis for the test
cylinders will be completed.

j o mom

{_ Fabrication of mandrels and auxiliary equipment will be com-
pleted and sample windings made to check out the mandrels.

| 3. Dougles Pre-preg Tape

Fabrication of sufficient Douglas collimated pre-preg tape to
‘ complete the program will be completed. Tape will be stored
i under refrigeration until used.

& 4. Fabrication

Fabrication of Group I test cylinders will be completed and
Group II test cylinder initiated. Group I cylinders will be
] instrumented in preparation for hydrostatic test.

S . kstig

l Resin determination and miscellaneous physical property tests

on ring samples cut from completed test cylinders will be per-

: formed. No hydrostatic testing of cylinders is scheduled for
l this period.
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TABLE |

FABRICATION AND TEST REQUIREMENTS

1.D. = 6" Lei2 t=.150 (EXCEPT AS NOTED BY*)
K NO. 7O
TYPE OF CONSTRUCTION SYMBOL (% BE
HOOPS) | TESTED
OPTIMUM DESIGN A .98 2
\ HOOPS 8 687 3
¢ LONGITUDINALS
HOOPS c 33 2
b - .05 2
M 687 |
FULLY DISPERSED € 667 3
F 333 2
N 867 1
HIGH AXIAL STRENGTH
LONGITUDINALS ¢ 887 2
HOOPS 1
LONGITUDINALS H 333 2
HELICALLY WOUND ¢
) - 85° 2
HELICALS .
a = CONSTANT K 0 2
L 30° 2
TOTAL 2

*COMPRESSION TESTS - t= %
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COMFIGURATION . /L TlTLT

X 106) (lb/ini)

w >

R 4 R QO WM MM U Q

415
6172
.8235
1.0
617
.82k
617
.8235

.346
.526

(1) Average composite hoop stress at buckling.

RESULTS OF BUCKLING ANALYSIS

D

1,970
1,940
1,620

955
1,590
1,178
1,1k0

833

1,320
875

TABLE 2

Z
y

536
638
806
1,160
706
950
843
1,130

582
855

pcr
(pst)

Tho
795
TS5k
530
683
588
535
55

517
k22

pcr

P
STMAX

93
1.00

.95
67
.86
Th
6T
.ST

.65
53

10,600
8,650



TABLE 3

RESULTS OF DISCONTINUITY STRESS ANALYSIS

CONSTRUCTION ROOP-LONG - HOOP DISPERSED
CONFIGURATION A B o D E r
X, % looza 95 67 33 5 67 33
G'x - B%t’;'("i )éé; -T,590 '8: 150 -T,730 -5y l‘30 -7,000 '6, 060
Mgy (10/1b/1in) 54.6 68 90 97.1 76.6 8k
o' ater (pet) 2,010 9,950 16,270 20,370 | 13,400 16,340
Oxp (psi) 7,260 11,370 12,050 8,810 8,540 8,180
L. (psi) -6,355 110 7,050 8,210 21,400 20,540
O1p (ps1) -15,910 o 17,350 20,600
dlc (P"-) -19,490  -27,600 '36)650 -31,600
90 (ot} T,765  -10,%0 -1b,750  -12,590 | “W,800 35,660
Oac (psi) -21,360 -22,230 -19,750 -13,190 | -17,860 -14,220
o' inner (pei) -22,190 -26,250 -31,170 -31,230 | -27,k00 -28,460
(1b/1n) 266 3:m 350 308 238 300
?"VG (P‘i) 1,770 2'680 2,330 2,050 2,190 2,000
T2 (pei) 2,660 2,90 795 93
‘r'q- (P‘i) 3:620 3,8‘00 2)"‘” 2,210 39280 3,000

(1) Tension stresses shown vositive, compression stresses shown negative.

(2) Primes refer to stresses computed using isotropic equations, e.g., o = %’ +
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CYLINDER UNDER EXTERNAL HYDROSTATIC PRESSURE.

FIGURE 3.
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1 - OPTIMUM DESIGN - (HOOP LAMINATES WITH LONGITUDINAL INCENTER)

2 - DISPERSED CONSTRUCTION Kt = TOTAL THICKNESS
OF HOOPs

(1-K)t = TOTAL THICKNESS
OF LONGITUDINALS

FIG. 4 TYPES OF LAMINATE CONSTRUCTIONS
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Pigure 5 - Unidirection Laminate Models
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WINDINGS
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(SHEET LAY-UP FROM
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(Ref SM 42612)

FIGURE 7



APPENDIX A

SOLUTION OF DIFFERENTIAL EQUATION FOR BUCKLING OF ORTHOTROPIC
CYLINDERS UNDER EXTERNAL PRESSURE

The buckling equatons for an orthotropic nonécoque cylinder are derived belov. Also
a stiffened cylindrical shell under external pressure may be considered aa ortho-
tropic shell provided buckling occurs across several stiffeners. The method of
solution is then similar to that given in ref. [2 I for axiul compression. For

external pressure loading the general equations of equilibrium developed in reference

[ S ‘ reduce to

Figure 8. Cylinder Geometry and Coordinate System
G b 2 2
Xy, =1 ov oV v
v + =T + K '7 + N == =0
D r g ox X 3x Y dy (A1)

vhere LD and I.E ere linear differential operators defined by

D 4 H.. D M. D L D N
X o Y Ox X'y 3 'y 3
- 2D
I‘D 1'/'::/“}' Bxu + (1-/4 x’“y * Xy * l-j\x/ty)axfayz + 1-/4x/4y BT
L , G , G Qb G Bh
L2,y XM 5 -2
e By -/ By My B, ' 323y B dy

and LE-I is the inverse operator defined by

Ly (g ¥) = Ly (L ¥) = v

EXTERNAL RADIAL PRESSURE

For buckling under uniform external radial pressure equation (A1) becomes, since

Nxvo,

as.
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Buckling of Long Orthotropic Cylinders.
The critical pressure can be determined by taking the ratio of axial half-wave

length to circumferential half-wvave length as much greater than unity and mini-

- 2
mizing vith respect to (A g) + From equation (AS) 1f (7\' g) >>> 1 ve have

2 . n2 22 1
R -
b ¢

K
Y a® (N 2)

Differentiating vith respect to ()\' g) gives

2
3k z
<20’ (NP -6 —1
'n x 2,410
B(RE) n (Xs)

2
Since the second derivative of Ky with respect to (): %) is obviously positive,
setting equation (A8) equal to zero gives a winimum of Ky for given values m2.
Setting equation (A8) equal to zero gives

P NT N

op -

2
Substituting the above value of (N g—) into equation (A7) gives

from vhich m = 1 gives the minimum value of Ky’

l(y = 0.558 \' Zy

(A7)

(a8)

(49)

28,



The critical load is found from

2
_E L a-AM)

5
D
* Y

1/2
K, = 0.558 z,

2 P 1/2 _s.51 D 12
N, = (o.ss&)T—L—z 4 = |-
y =" Pa-p M) Y 12 (1-/hx,«y7[r \l /Sy
D 3/4 1/h
5.51

EXTERNAL HYDROSTATIC PRESSURE

For buckling under external hydrostatic pressure, equation (Al) becomes

G Y 2 2
xy =1 J w 1 Ow 3w
v + + =N + N =0
R SE RN F NG

Using the displacement function

axy

v aw 8in ax sin
o b

L

nx)l/z e

o |
(a20)
(A11)

29,
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AFPPENDIX B

MODULI OF ELASTICITY AND POISSON'S RATIOS

The elastic moduli, shear modulus, and Poisson's ratios for a laminate
(Figure 9) in terms of the material properties of the glass and resin
and glass content, A\, are givea in Bcference[h]u:

L

Glass Fiber —
Resin j

Figure 9. Single lLaminate.

E
;-)\-0-!5(1-)\) (1)
g g

f,:-kl-ﬂ):!+ﬂ]
ey

!—- _!; (32)“
& /x,hu-m]'u-mgh/x (- 2u)?
[4 A [
G
. cros[ﬁ+-.;!( 1-ﬁ)| .

i G, A=V NIV + G, [(1.ﬁ)?+ﬁ]
r

vhere E

O =T +a) ad G, = 377 sl

* Revised equation



E
i s - (lf I:r)(l'm] (33)*
Z. & &\ L -

8 A @y ea) + o (L +Hg) [@ vP© +A]

[
Hyp =My N+ gty (12) (B4)
-:-"-um [nshur (1"‘)3—"]
i I TR (85)
by A !‘L E
3 [1-x+i?->‘][x+il(1-)\)]
8 g g

When the fibers are oriented in the hoop direction, Bquations (Bl) through
(BS) take on the following notation

w * Oy (%6)

”n '”xn

For fibers oriented in the longitudinal direction

] E “m .”!L (37)
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The elastic moduli, shear modulus, and Poisson's ratios for any balanced
laminate (Pigure 10) made from two single laminates are given by (Reference 3)

== (2
cooh o+ !‘-—! linu a+ (6-1; - 2llm,) aina o cos® a

oy _ 1 ~

B R Y 5 (®9)

sin @ + == cos Q& + ( -2Ilm.)l1n2acon2a

B‘l‘

Crp

Sty . — — (10)

1+2M +5¢-(1+2ﬂ 4--&-5—)(130020--1::2&)2
r E‘l‘ r !‘r GIII‘
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MISSILE & SPACE SYSTEMS DIVISION
DOUGLAS AIRCRAFT COMPANY, INC.
SANTA MONICA, CALIFORNIA

14 June 1963
A-13P-L4o4
Subject: Contract NObs-88425 - Quarterly Progress Report No. 1
To: Chief Bureau of thips
Navy Department

Washington 25, D. C.
Attention: Code 210L
Reference: Naval Speedletter 63u4C3-42T7 dated 20 May 1963

As required by Item 4 (b) of subject contrmct, and to the
recipients indicated in the referenced speedletter, we are providing here-
vith three (3) copies of the report described below.

SM-4h0ST, Quarterly Progress Report No. 1 "Optimum
Construction of Reinfor:ed Plastic Cylinder Subjected
to High External Prescure,” dated 6 June 1963 '

Should you have any questions regarding this report, please
contact the undersigned.

Very truly yours,

MISSILE & SPACE SYSTEMS DIVISION
Douglas Aimrart Company, Inc.

A =

W. H. Scott
Contract Manager
Advance Programs

" AWB/ng
Enclosure: as stated
cc: .Per attached list

Project No. - 8F-013-05-03
Task: ' 1025
Identification No: 119-1025-k
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